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Transmembrane (TM) intratoroidal space is attracting increasing
scientific attention because the spatial compartmentalization by
the surrounding bilayer membrane provides vectorial control
over and stochastic observability of intratoroidal chemical
processes.[1±3] The superb properties of rigid-rod b-barrels[4, 5]

have very recently been used to synthesize large transmem-
brane space of a stability that seemed unique for large
biomacromolecules until then.[6] The TM interior of 16, charac-
terized by a diameter of 2 ± 3 nm and 48 intratoroidal lysine
residues, is topologically and electrostatically complementary to
Watson ± Crick B-DNA (Figure 1). Similar intratoroidal space has

Figure 1. Schematic structure of second-sphere host ± guest complex 2 ´ 3�16�
4n composed of B-DNA 2 ´ 3 within rigid-rod b-barrel 16 within EYPC bilayers 4n

(see Scheme 1 for details). The depicted degree of protonation (ca. 50 %) of
intratoroidal lysine residues reflects the situation expected in antiparallel
b-sheets[28±30] and is consistent with the complementarity of multivalent[31]

electrostatic attraction between 2 ´ 3 and 16, which is possibly further amplified by
H-bonding contributions from adjacent amines.[32, 33]

been seen within water-soluble DNA-binding proteins such as
the 2724-residue hexamer of BH Gal6 comprising 60 intratoroidal
lysine residues.[7] The TM intratoroidal space of the paradigmatic
2051-residue heptamer of a hemolysin,[8] on the other hand, has
been shown to suffice for the stochastic differentiation of single-
stranded homo-DNAs and -RNAs, while double-stranded DNA
apparently does not fit.[2] Elucidation of the interaction between
B-DNA and the TM intratoroidal space of 16 seemed thus of
potential scientific importance. The combination of the advanta-
geous anisotropy of TM intratoroidal space with the advanta-
geous structural variability of B-DNA may be fruitful with regard
to diverse applications, from unidirectional electron transport in
ªnanodevicesº[9±12] to gene transfection[13] and stochastic B-DNA
dynamics.[3] Here we report the construction of the first, with all
likelihood TM B-DNA as an intratoroidal guest of the formal
second-sphere inclusion complex 2 ´ 3�16�4n (Figure 1).

B-DNA 2 ´ 3 obtained from d(GT)7 (2) and d(CA)7 (3) was
selected for this study because its length of 43 � roughly
matches the total thickness of EYPC** bilayers 4n[14] and because
of its convenient melting temperature (Tm�45 8C). The CD
spectra of 2 ´ 3�16�4n, prepared by addition of duplexes 2 ´ 3
to TM nanopores 16�4n, were in support of the designed
molecular architecture (Scheme 1 A). In fact, the presence of

Scheme 1. Programmed assembly of TM B-DNA 2 ´ 3� 16�4n by either addition
of 2 ´ 3 to 16� 4n (A), 2 ´ 3� 16 to 4n (B), or 1 to 2 ´ 3 and 4n (C). Note that the
structure of 2 ´ 3� 16 has not been investigated.

bisignate CD Cotton effects (CEs) centered around the octi-
(p-phenylene) absorption at 319 nm even at high dilution
suggested that barrel 16 may be further stabilized by
>0.6 mol % of intratoroidal B-DNA templates (Figure 2, solid
line).[4±6] CD CEs between 300 and 253 nm, on the other hand,
were indicative of intact B-DNA.[16] The binding of topologically
mismatched single-stranded oligonucleotides d(GT)7 (2) instead
of B-DNA 2 ´ 3 caused destruction of TM nanopores 16�4n

(Figure 2, dotted line).
Rapid passage of anionic dyes across the interior of TM rigid-

rod b-barrel 16�4n has been used before to measure the
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Figure 2. Representative CD spectra of 1 (6.5 mM) in the presence of EYPC-SUVs 4n

(500 mM 4) and either B-DNA 2 ´ 3 (1 mM, solid line) or d(GT)7 2 (2 mM, dotted line) in
10 mM HEPES, 100 mM NaCl, pH 7.4. CEs indicative of rigid-rod b-barrel 16 are
labeled in italics ; dichroic absorptions refer to octi(p-phenylene) concentrations.

dimensions of its cationic intratoroidal space at nanomolar
concentrations.[6, 17] The formation of TM B-DNA 2 ´ 3�16�4n

was expected to block dye leakage. Indeed, the addition of one
equivalent of B-DNA 2 ´ 3 fully arrested ongoing CF efflux from
EYPC-SUVs through nanopores 16�4n that had been assembled
immediately before (Scheme 1 A, not shown). To possibly
separate the kinetics of TM B-DNA formation from that of dye
efflux, different assembly pathways were tested. Addition of
mixtures of rods 1 and B-DNA 2 ´ 3 to EYPC-SUVs 4n (Scheme 1 B;
Figure 3, *) and addition of 1 to mixtures of 2 ´ 3 and 4n

(Scheme 1 C; Figure 3, &) revealed comparable trends: increasing
inhibition of dye efflux with increasing duplex concentration
(Figure 3, solid lines). The quantitative discrepancies between
the two experiments presumably originated from competing,
not yet understood interactions between peptide rods 1 and
duplexes 2 ´ 3 in water that complicate the assembly of TM
B-DNA 2 ´ 3�16�4n along these routes.

Figure 3. Blockage of CF efflux through nanopore 16� 4n by increasing
concentrations of B-DNA 2 ´ 3 (solid lines) and d(GT)7 2 (dotted lines). *, *:
Simultaneous addition of 1 and oligonucleotides ; &, &: addition of oligonucleo-
tides before addition of 1. Conditions were as previously described[6, 17] (EYPC-SUVs
(500 mM 4), 1 (250 nM), 10 mM HEPES, 50 mM CFin , 10 mM NaClin , 107 mM NaClout ,
pH 7.4, lex� 492 nm, lem� 514 nm).

Clearly, higher oligonucleotide concentrations were needed to
block nanopore 16�4n with single-stranded DNA 2 instead of
double-stranded DNA 2 ´ 3 (Figure 3, dotted vs. solid lines). This
was consistent with multivalent TM binding of B-DNA 2 ´ 3 to the
complementary intratoroidal space of nanopore 16�4n, as

suggested by CD spectroscopy (Figure 2). (Although of minor
importance for this study, the blockage of 16�4n by single-
stranded DNA may nevertheless be of scientific interest for the
transfer of antisense and antigene drugs.[18±22] )

The relative quenching of the emission of oligo(p-phenylene)
guests by spin-labeled bilayer hosts has been shown to provide
precise information on guest location and orientation.[6, 17, 23±25]

Figure 4 shows the emission intensities of octi(p-phenylene) 1 in
labeled and unlabeled EYPC bilayers as a function of time (solid/
dotted vs. dashed curves). Notably, the addition of B-DNA 2 ´ 3
had no effect on rod emission (Figure 4, solid and dashed

Figure 4. Representative relative emission intensities of oligo(p-phenylene) 1
(100 nM) in uniformly sized EYPC-SUVs (500 mM 4) with (solid and dotted lines) and
without 8.7 % 5-DOXYL-PC (dashed line) as a function of time and the presence of
duplex 2 ´ 3 (16 nM, solid and dashed lines), additional unlabeled EYPC-SUVs
(500 mM 4, dotted line), or both (dotted line) in 10 mM HEPES, 100 mM NaCl, pH 7.4,
lex� 328 nm, lem� 390 nm. Conditions were as previously described.[6, 17]

curves). This corroborated that B-DNA 2 ´ 3 did not alter
the structure of nanopore 16�4n (e. g. , 2 ´ 3�16�4n 7!2 ´ 3�
16�4n, Scheme 1). No change of rod emission upon the addition
of unlabeled SUVs to nanopore 16�4n in labeled SUVs (Figure 4,
dotted curve) excluded the possibility of intervesicular rod
transfer[17] and rod-mediated membrane fusion (e. g. , 16�4n 7!
1�4n, Scheme 1). The unchanged situation after subsequent
addition of B-DNA 2 ´ 3 finally proved that the above-mentioned
two processes are not induced by TM B-DNA 2 ´ 3�16�4n

(Figure 4, dotted curve).
Fluorescence depth quenching experiments thus provided

direct evidence that the formation of TM nanopore 16�4n and
second-sphere complex 2 ´ 3�16�4n is practically irreversible
and nondestructive with regard to supramolecular architecture,
respectively. The following BLM conductance experiments were
in support of these conclusions (Figure 5 A).[26] Multiple, perma-
nently open nanopores 16�4n were prepared in EYPC-BLMs as

Figure 5. A : Representative changes in conductance of EYPC-BLMs in the
presence of oligo(p-phenylene) 1 as a function of time after the addition of
2.41 mM B-DNA 2 ´ 3. B : Steady-state currents Iÿ1 as a function of the concentration
of B-DNA 2 ´ 3. Conditions were as previously described[6] (5 mM HEPES, 2 M NaCl,
pH 7.4).
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previously described[6] to give currents I0 of up to 1 nA in
response to an externally applied voltage of ÿ50 mV. Then,
different concentrations of B-DNA 2 ´ 3 were added to the cis
compartment of the BLM to secure unidirectionality between TM
B-DNA 2 ´ 3�16�4n formation and external voltage. Stochastic
binding of B-DNA 2 ´ 3 to single TM nanopores 16�4n was
indicated by a stepwise reduction of the initial current I0 to reach
a steady-state current I (Figure 5 A). Nearly complete blockage at
high B-DNA concentrations confirmed that these steady-state
currents I originated from unoccupied nanopores 16�4n at
different DNA concentrations and not from the conductivity of
TM B-DNA 2 ´ 3�16�4n. Currents I thus related directly to the
fractional occupancy y of 16�4n [Eq. (1)] , suggesting that
the KD of complex 2 ´ 3�16�4n [Eq. (2)] could be readily
obtained from a plot of Iÿ1 as a function of the B-DNA
concentration [Eq. (3)] .[27]

I/I0 � 1ÿ y � [16�4n]/( [2 ´ 3�16�4n]� [16�4n]) (1)

KD � [16�4n]� [2 ´ 3]/[2 ´ 3�16�4n] (2)

Iÿ1 � [2 ´ 3]/(KD� I0)� I0
ÿ1 (3)

A dissociation constant KD� 177 nM was obtained (Figure 5 B).
Since such a remarkable value[27, 1] impossibly originates from
nonspecific ionic interactions at the membrane ± water interface,
this finding fully confirmed the firm organization and high
stability of the supramolecular architecture of TM B-DNA 2 ´ 3�
16�4n (Figure 1).

In summary, the unique properties of rigid-rod b-barrels 16

have been used to unify biomembranes and B-DNA by refined
supramolecular architecture of a remarkable stability exempli-
fied by a KD value of 177 nM. The obtained B-DNA, which is most
likely transmembrane, combines the fundamental advantages of
biomembrane anisotropy with the facile structural variability of
B-DNA for future use in chemistry, biology, and materials
sciences.
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